We are beginning to elucidate transcriptional regulatory networks on a large scale 1 and to understand some of the structural principles of these networks 2,3 , but the evolutionary mechanisms that form these networks are still mostly unknown. Here we investigate the role of gene duplication in network evolution. Gene duplication is the driving force for creating new genes in genomes: at least 50% of prokaryotic genes 4,5 and over 90% of eukaryotic genes 6 are products of gene duplication. The transcriptional interactions in regulatory networks consist of multiple components, and duplication processes that generate new interactions would need to be more complex. We define possible duplication scenarios and show that they formed the regulatory networks of the prokaryote Escherichia coli and the eukaryote Saccharomyces cerevisiae. Gene duplication has had a key role in network evolution: more than one-third of known regulatory interactions were inherited from the ancestral transcription factor or target gene after duplication, and roughly one-half of the interactions were gained during divergence after duplication. In addition, we conclude that evolution has been incremental, rather than making entire regulatory circuits or motifs by duplication with inheritance of interactions.
The basic unit of gene regulation consists of a transcription factor, its DNA binding site and the target gene or transcription unit it regulates. This basic unit can be elaborated to form a complex network in two ways: some genes may be regulated by more than one transcription factor, and some transcription factors may control more than one gene. In E. coli and yeast, a considerable number of regulatory interactions have been determined and are available in the RegulonDB database 7 and in the data sets in refs. 2 and 3, which we used in this analysis.
We investigated how these networks evolved to form complex systems in which >100 transcription factors regulate several hundred genes. Gene duplication and subsequent divergence is the primary mechanism for the evolution of genomes and complexity 4, 5 . The rate and mechanisms of duplication in eukaryotes have been investigated in detail 8 . When new genes evolve by duplication, regulatory interactions in networks can be either conserved or lost during the divergence process. Previous theoretical analyses have addressed this at an abstract level [9] [10] [11] [12] . Here, we investigate the role of gene duplication and determine the extent to which duplicated genes inherit interactions from their ancestors in E. coli and yeast.
To find instances of gene duplication, we need to reliably detect homology among genes. We used structural domain assignments from the SUPERFAMILY database 13 to identify homology among the proteins (Supplementary Methods online), as this method can capture more distant relationships than sequence comparisons alone 14 . From the domain assignments by the SUPERFAMILY hidden Markov models to the transcription factors, we observed that the DNA-binding domains of E. coli and yeast largely come from different families, with only two families in common. Furthermore, comparison of the matches in terms of the domain architecture of the genes indicated that more than one-half of the genes with structural assignments in the E. coli and yeast networks are the results of gene duplication ( Table 1 ; E. coli: (352 + 82) / (500 + 110) = 71%; yeast: (173 + 70) / (277 + 80) = 68%). In this analysis, we considered proteins with the same domain architecture to have arisen from a common ancestor (Supplementary Methods online).
Many transcription factors and target genes arose by gene duplication. After the duplication event, the regulatory interaction may be inherited or may be lost. In either case, a new interaction may also be gained during divergence. Taking this into account, we describe the possible mechanisms by which duplications of transcription factor genes, target genes or both might lead to the formation of new interactions in the regulatory network. Then, by inspecting the data currently available, we determined the extent to which each mechanism has contributed to the formation of the regulatory networks of E. coli and yeast (Supplementary Note and Supplementary Methods online).
When duplication of a transcription factor occurs (Fig. 1a) , the new transcription factor may initially recognize the same binding site and, hence, regulate the same target gene as the original transcription factor. During subsequent divergence, the duplicated transcription factor may continue to regulate the same target genes as its ancestor but respond to a different signal (Fig. 2a) , or it may recognize a new binding site upstream of some other target gene(s). Investigation of the known network in both organisms 2, 3, 7 showed that duplication of transcription factor genes followed by inheritance of interaction has contributed considerably to the growth of the regulatory network: more than two-thirds of E. coli (77%) and yeast (69%) transcription factors have at least one interaction in common with their duplicates (Table 1) . This accounts for 128 interactions (10%) in E. coli and 188 interactions (22%) in yeast ( Fig. 3 and Table 1 ). This fraction is larger in yeast than in E. coli because many genes in yeast are regulated by two or more transcription factors, whereas many genes are regulated by only one or two transcription factors in E. coli (Supplementary Note online). As a rule, larger genomes have more transcription factors per gene 15 .
In the second duplication scenario, duplication of the target gene and its upstream region can explain the evolution of new genes along with their regulatory regions (Fig. 1b) . During divergence, the duplicated target gene may change its coding sequence to carry out a different function but conserve its upstream region, or both the coding sequence and the upstream region may diverge, resulting in recognition by a different transcription factor. The first possibility results in homologous genes being regulated by the same transcription factor 16, 17 (Fig. 2b) , and the latter results in homologous genes being regulated by different transcription factors, which is not uncommon in yeast 18 . Duplication of the target gene with inheritance of interaction contributed to 272 interactions (22%) and 166 interactions (20%) in the E. coli and yeast networks, respectively (Fig. 3 and Table 1 ).
Yeast and E. coli show extensive duplication under both duplication scenarios discussed above, meaning that this phenomenon is not biased by prokaryotic horizontal transfer or the operon structure.
So far, we have considered duplications of transcription factors and target genes separately. But a transcription factor and its target gene could both duplicate around the same time (Fig. 1c) , especially if they were adjacent on a chromosome. Divergence of both the transcription factor and the recognition sites in the DNA could then occur, such that the new transcription factor would regulate only the new target gene, and the old transcription factor would regulate only its original target gene. Though it might seem unlikely, this process can be traced convincingly in some cases (e.g., two sugar catabolism operons in E. coli 17 ; Fig. 2c ). There are 74 (6%) and 31 (4%) such interactions in the E. coli and yeast networks, respectively (Fig. 3 and Table 1 ). Figure 3 and Tables 1 and 2 provide an overview of the contribution of the different types of regulatory interactions to the entire network. The largest fraction of interactions represents cases in which either the transcription factor or target gene was duplicated, and gained new interactions after duplication during divergence, with or without loss of the original interaction (Fig. 1) . There are 637 such interactions in E. coli (52%) and 365 in yeast (43%; Fig. 3 ). The second largest group of interactions comprises those inherited by transcription factors or target genes after duplication (38% and 45% in E. coli and yeast, respectively), and the smallest group comprises (c) Duplication of both a transcription factor and its target genes in yeast. This is an example in which both the transcription factor and target genes were duplicated to produce additional regulatory interactions in the network according to the scheme shown in Figure 1c . The simultaneous duplication of a transcription factor and two target genes is facilitated by the fact that the transcription factor and target genes are adjacent to each other on the yeast chromosome. We assessed the statistical significance of the occurrence of these events in 10,000 networks with randomly assigned domain architectures ( Table 2) . These events very rarely occur by chance at the frequencies observed. We also assessed the robustness of the duplication levels and their statistical significance by artificially introducing noise Percentage of homologous transcription factors with shared or homologous targets out of all transcription factors with homologs 77% 69%
Regulatory interactions evolved by duplication

All interactions 1,409 906
Interactions with potential information about homology through structural assignments 1,233 851
Interactions of genes where at least one gene has a homolog in the network 1,111 750
All interactions of homologs with shared or homologous transcription factors or target genes 474 385
Interactions of homologous target genes with shared transcription factors c 272 166
Interactions of homologous transcription factors with shared target genes 128 188
Interactions of homologs where whole interaction is duplicated elsewhere 74 31
Percentage of interactions with evidence of duplication out of all interactions with at least one genes with homologs 38% 45%
a Of the cases enumerated, 29 target genes and 2 target genes that are also transcription factors (TgTFs) have homologous transcription factors, and the rest have shared transcription factors. In yeast, these numbers are 28 target genes and 3 TgTFs. b Of the cases enumerated, 41 of the E. coli transcription factors and 9 of the yeast transcription factors have homologous target genes, and the rest have shared target genes. c Some of these interactions are of homologs with both shared transcription factors and shared target genes. We count these cases as interactions of homologous target genes with shared transcription factors only. Figure 1 : duplication of the transcription factor, of the target gene and of both these elements. The different types of interaction are given on our website (see URL). This figure was generated using the Osprey network visualization system 30 into the yeast regulatory network (Supplementary Methods online) . The significance barely changed with the introduction of 5% noise but fluctuated with the introduction of 10%, 20% and 30% noise. Because we did not use results from large-scale experiments or computational predictions, the rates of false positives and negatives are probably low in our data sets.
We next asked whether duplication patterns are linked to the topology, or structure, of the networks. A number of topological features are common to the gene regulatory networks in E. coli and yeast 2, 3 . A key common feature is that the number of target genes per transcription factor roughly obeys a power law, which is typical of 'scale-free' networks 19 (Fig. 4a and Supplementary Note online) . Given the power-law distribution of target genes per transcription factor as a topological characteristic and the importance of target gene duplication as an evolutionary feature of the network, we asked whether the two are linked. If transcription factors with many target genes have a particularly high proportion of homologous genes as their targets, then the scale-free topology of the network can be ascribed, at least in part, to target gene duplications.
In both organisms, there were transcription factors with homologous target genes ranging from only two to many (Fig. 4b,c) . There was no marked tendency for transcription factors with more target genes to have a larger fraction of homologous target genes. We found that in E. coli and yeast, the duplication levels were significant in 7 and 14 transcription factors, respectively (Fig. 4b,c) . These transcription factors regulate different numbers of target genes and not just large numbers of genes. These findings show that the power-law distribution of target genes per transcription factor is not purely a consequence of duplication and inheritance of interactions of target genes.
Different types of networks have over-represented topological elements. These are sets of interactions connected in specific patterns called 'network motifs' 1, 2, 20 . These motifs have been engineered artificially 21, 22 , but here we addressed how they were formed during evolution.
The first of the two patterns studied, the feed-forward motif (FFM), features a general transcription factor that regulates a target gene and a specific transcription factor that also regulates the target gene (Fig. 2a) . This motif could theoretically evolve by duplication of one of the two transcription factors (Supplementary Note online) . But none of the E. coli FFMs and only two pairs of transcription factors and one group of three transcription factors involved in more than one-third of the yeast FFMs can be explained this way. The second pattern, called the single input module (SIM), consists of a single transcription factor that alone regulates a group of genes (Fig. 2b) . A SIM could evolve by duplication of target genes (Supplementary Note online), but target gene duplication does not occur more frequently in SIMs than in the entire network.
Our results show that none of the motifs were formed by duplication of an entire ancestral motif, similar to previous results 23 using a different data set and a different method of detecting homology. Though many of the genes and interactions in network motifs evolved by duplication, the topologies themselves are not direct products of duplication with inheritance. The reasons why these topologies are favorable are beginning to be elucidated experimentally 24, 25 .
In conclusion, we quantified the mechanisms of network evolution for the known gene regulatory networks of E. coli and yeast, two distinct networks with different protein families and topologies. In both organisms, only a small fraction (∼10%) of the interactions evolved by innovation, consisting of transcription factors and target genes without homologs. Almost 90% of the interactions evolved by duplication of either a transcription factor or a target gene: roughly one-half of these interactions evolved by duplication with inheritance of interaction, and the other half by duplication with gain of new interactions. These duplications are incremental rather than modular duplications of entire motifs or regulatory circuits. Our quantification of these mechanisms has implications for artificial network evolution and design. The number of target genes with structural assignments versus the number of distinct domain architecture families of these target genes for each transcription factor for E. coli (b) and yeast (c). Groups of target genes without any duplicates are on the diagonal. If there are two target genes with the same domain architecture (i.e., if one of the genes evolved by a duplication event from the other), the y value for the transcription factor decreases by 1 and the point moves one step below the diagonal. Each further duplication event moves the transcription factor's point further below the diagonal. There are off-diagonal points for transcription factors with large and small numbers of target genes, without a marked increase for more influential transcription factors. Transcription factors with statistically significant numbers of target genes are marked in red, and these are also found across a range of target gene numbers. This shows that duplication of target genes is not the driving force for the power-law pattern of target genes per transcription factor, which is shown in a. 
METHODS
Gene regulatory networks and motifs. We took the set of regulatory interactions for E. coli from the data set in ref. Identification of duplicated genes. Detecting homology among distant paralogous proteins in an organism is a difficult task because of sequence divergence. But it is well known that the structure of a protein is more conserved than its sequence. Thus, to reliably detect distant relationships among E. coli and yeast proteins, we used three-dimensional structural domain assignments of the proteins in the network as a measure of homology. If two proteins had the same domain architecture, or a series of domains from the same protein families, we assumed that they were derived from the same common ancestor, as supported by analysis of protein structures 26 and sequences 27 . We obtained domain architectures from the domain assignments in the SUPERFAMILY database 13 (version 1.61) for the protein sequences in the yeast and E. coli genomes. Evolutionary information about domains is inherent in the classification scheme of the SCOP database 28 , and the hidden Markov models of the SUPERFAMILY database are based on these domains.
We considered domain architectures that differed only by gaps or repeats of domains to be homologous, as repeats are sometimes missed by the structural assignment method. When compared with sequence clusters found by FASTA 29 of whole sequences (E value ≤ 0.01 in a large database, match over 80% sequence), our method of comparing domain architectures never split sequence clusters. Several sequence clusters had the same domain architecture, however. To illustrate the coverage of the method, 48% of all yeast proteins in the genome had a domain assignment, whereas only ∼5% can be clustered by FASTA in the manner described above.
If there was a domain assignment for only one protein in a transcription factor-regulated gene pair, we could trace duplication only if the pair was embedded in a suitable network topology. For instance, if a transcription factor lacked a domain assignment but regulated two genes that are homologous, we could still trace the evolution of such interactions (Fig. 2b) .
Identification of duplicated edges and simulation procedure. We assessed the significance of the shared interactions among homologs by comparison with a scenario in which the domain architectures were randomly shuffled across proteins. We simulated this by retaining the topology of the real network and randomly shuffling domain architectures among those nodes with domain architecture information. We shuffled the transcription factors separately from target genes. We carried out the simulation 10,000 times, and each time we calculated the numbers of homologous transcription factors with shared targets and of homologous target genes with shared transcription factors. The fraction of homologs with shared interactions was never as high as that observed in the real network in all 10,000 iterations of the calculation (Supplementary Methods online) .
URL.
Information on the data set used and structural assignments is available at http://www.mrc-lmb.cam.ac.uk/genomes/madanm/net_evol/.
